Transfer reaction experiments with radioactive beams: from halos to the
  r-process by Jones, Kate L.
Transfer reaction experiments with radioactive
beams: from halos to the r-process
Kate L. Jones
Department of Physics and Astronomy, University of Tennessee, Knoxville, TN
37996, USA
Physics Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA
E-mail: kgrzywac@utk.edu
Abstract. Transfer reactions are a powerful probe of the properties of atomic
nuclei. When used in inverse kinematics with radioactive ion beams they can provide
detailed information on the structure of exotic nuclei and can inform nucleosynthesis
calculations. There are a number of groups around the world who use these reactions,
usually with particle detection in large silicon arrays. Sometimes these arrays are
coupled to gamma-ray detectors, and occasionally smaller arrays of silicon detectors
are mounted within a solenoid magnet. Modern techniques using transfer reactions in
inverse kinematics are covered, with specific examples, many from measurements made
with beams from the Holifield Radioactive Ion Beam Facility at Oak Ridge National
Laboratory.
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1. Introduction
As low-energy radioactive beams become more available there are ever increasing
opportunities for exploring the evolution of nuclear structure away from the valley of
stability. In particular, the chances to study nuclei with exotic behaviour, or nuclei that
are relevant to astrophysical processes, become tantalizing. Neutron halo nuclei [1, 2, 3]
have a large imbalance in the number of protons to the number of neutrons leading to
a diffuse neutron tail that surrounds a more tightly bound core. They are found on, or
close to, the neutron drip line where the binding energy for the last neutron or pair of
neutrons becomes very small, compared to the typical 8 MeV/nucleon for stable nuclei.
Higher up in the chart of the nuclides, starting in the neutron-rich nickel
region and passing through progressively heavier short-lived nuclei lie the isotopes of
the astrophysical rapid neutron capture process, commonly called the r-process [4].
Elements heavier than iron cannot be produced by fusion owing to the large Coulomb
repulsion, which makes such reactions endothermic. Instead these elements are formed
by successive neutron captures and beta decays. About half of the elements heavier
than iron were produced via the r-process, which may occur in the hot, dense neutron-
rich environment of a core-collapse supernova. The path of the r-process is determined
by the competition between the neutron-capture Q-value, that is the amount of energy
required for a particular nucleus to capture an extra neutron, and its β decay half
life. Both quantities are strongly influenced by nuclear shell structure, resulting in a
zig-zag path through the chart of the nuclides with large discontinuities at the shell
closures. Studying how shell structure evolves away from stability is therefore essential
to understanding heavy element synthesis.
Transfer reactions have been used for decades to extract spectroscopic information
from nuclei. Before the early 1990’s these reactions were performed in normal
kinematics, that is with a heavy target and a light ion beam, with the emergent particles
commonly measured at the focal planes of spectrometers. In this way excellent energy
resolution can be achieved, for example a recent measurement using this technique
quotes a resolution of 4 keV [5]. When using a radioactive beam it is necessary to
perform the reaction in inverse kinematics [6], that is with a light target. The focus
of this paper will be one-neutron adding reactions, such as (d,p), which are sensitive
to the single-particle structure of the residual nucleus. In the (d,p) reaction, for
example, measurements of the angle and energy of protons is related directly to the
Q-value of the reaction, and when the beam energy is above the Coulomb barrier, the
angular distributions of the protons are indicative of the orbital angular momentum,
`, transfer of the reaction. Thus, the ` value (and sometimes by combination with
other information the total angular momentum and parity, Jpi) of the final state can be
extracted. Additionally, the intensity of the angular distributions is dependent on the
overlap between the initial and final states in the reaction. By performing calculations of
the reaction process and scaling‡ to measured differential cross sections (i.e. normalized
‡ where the theory is scalable, such as in the Distorted Wave Born Approximation.
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Figure 1. Cartoon of a (d,p) reaction in inverse kinematics. A heavy ion beam
impinges on a deuteron in the target, resulting in a residual nucleus and a proton.
angular distributions) a quantity referred to as the spectroscopic factor can be extracted.
Transfer reactions in normal kinematics are limited, however, to reactions involving
nuclei that can reasonably be incorporated into a target, typically stable nuclei that are
solid, or in a solid compound form, at room temperature. By interchanging the beam
and target it is possible to greatly increase the scope of the technique for use with rare
ion beams (RIBs). The inverse kinematics technique (see figure 1) was developed using
a 132Xe beam at the Gesellschaft fu¨r Schwerionenforschung (GSI), in Germany [7]. One
purpose of the experiment was to test the (d,p) reaction in inverse kinematics method
for future use with a 132Sn beam; however it is also an example of using these methods
to simplify an experiment that would otherwise require a gas target. This experiment
will be described in more detail in section 2.
One particular quantity of interest that can be extracted from transfer reactions is
the spectroscopic factor, S, which is connected to the structure of the nucleus through
the single-particle radial overlap function u`sj and the normalized wave function, v`sj:
S`sj = |A`sj|2 (1)
where A`sj is the spectroscopic amplitude, and:
u`sj(r) = A`sjv`sj(r) (2)
see for example [8]. However, as stated above, as S is extracted from a measured
normalized cross section using a calculated angular distribution:
Sexp =
dσexp/dΩ
dσcalc/dΩ
(3)
S is not an observable of the experiment and, as it relies on the result of a reaction
calculation, it is model dependent. The main sources of uncertainty in the calculations
come from the optical (scattering) potentials and the bound state potential of the final
state nucleus. Optical potentials are usually extracted by fitting elastic scattering data
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and, to a lesser degree, transfer data. Most of the data existing for both elastic and
transfer channels are on stable nuclei, with potentials existing in the literature for
individual nuclei (for example [9]) and for large regions of the nuclear chart (for example
[10]). The latter are referred to as global optical potentials. Different optical potentials
can produce angular distributions with both different shapes and intensities. Typically
the bound state of the residual nucleus is modelled by a Woods-Saxon potential with
the depth adjusted to the binding energy of the state, and the geometry defined by the
radius, r, and diffuseness a. At center of mass energies close to the Coulomb barrier
the intensities of the calculated differential cross sections can be very sensitive to the
bound-state potential used. However, unlike the scattering potentials, the shape is not
dependent on the bound state potential, see for example [11].
Since the original GSI measurement, one-neutron transfer reactions in inverse
kinematics have been used in a variety of laboratories around the world with beams of
long-lived and short-lived nuclei, starting from the pioneering work with a 56Ni beam by
Rehm et al. [12] (for example [11, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23]). Generalized
methods for studying nuclear structure through one-neutron transfer reactions with
RIBs are discussed in the following, with examples of actual experiments. Most of the
examples used are of one-neutron-adding reactions, such as (d,p), commonly termed
stripping reactions, whereas one-neutron-removal transfers, such as (p,d), are commonly
called pick-up reactions. Methods using the measurement of only the charged recoil (e.g.
a proton in the (d,p) reaction) are described in section 2. The benefits of measuring
γ rays in coincidence with charged particles following transfer reactions are described
in section 3. Recent work reviving heavy-ion induced one-neutron stripping reactions,
such as (9Be,8Be) and (13C,12C) is summarized in section 4. As there have been many
experiments using stripping reactions in inverse kinematics with RIBs this is not a
complete summary of all the experiments performed. Additionally, there is an emphasis
on experiments performed at the Holifield Radioactive Ion Beam Facility (HRIBF) [24]
at Oak Ridge National Laboratory in sections 2 and 4.
2. Measurements with charged particle detectors
The first experiment to employ a (d,p) reaction in inverse kinematics was the masters
thesis experiment of G. Kraus, with a 5.87 MeV/nucleon beam of 132Xe at GSI,
impinging on deuterated titanium targets backed by 200 µg/cm2 of aluminium [7].
Recoil protons were measured in an array of 100 10 x 10 mm2 PIN photodiodes at
375 mm from the target giving an angular resolution of 1.5◦. A collimator system of
3 - 8 mm slits was used to obtain an energy resolution of around 150 keV FWHM.
Angular distributions for three states are shown in figure 2, with Distorted Wave
Born Approximation (DWBA) calculations, in each case using two different assumptions
for the ` value of the final state (it should be noted that in this reaction and at this beam
energy only even-parity states in 133Xe are expected to be populated). The calculations,
using optical model parameters derived from elastic scattering measured during the
Kate Jones 5
Figure 2. Angular distributions of protons emitted following the population of the
ground, Ex = 1.6 MeV and Ex = 3.0 MeV states in
133Xe in the reaction d+132Xe at
5.87 MeV/nucleon. The DWBA calculations assume ` = 0 transfer (dashed) or either
` = 2 or 4 transfer (solid). Figure taken from [7].
experiment, show the sensitivity of the method to the ` transfer in the reaction; the
` = 0 curves peak at θCM = 0
◦, whereas the ` = 2 peak is beyond θCM = 20◦, and
in the ` = 4 case, the peak is closer to θCM = 45
◦. This trend is typical for stripping
reactions at energies above the Coulomb barrier.
The data are clearly of sufficient quality to differentiate between the various curves
allowing the assignment of the ` value of the states in 133Xe. However, it is not possible
to directly differentiate between j states using the (d,p) reaction alone unless some
preferred alignment is present in the reaction, for example by using a polarized beam
or target. By scaling the calculations to the data, spectroscopic factors for the states
populated were extracted with a 40 % uncertainty.
The 132Xe measurement was a proof-of-principle study in preparation for a similar
measurement with a 132Sn beam. This was realized, some years later, at the HRIBF. A
630 MeV beam of at least 90% pure 132Sn bombarded a 160 µg/cm2 CD2 target at an
average intensity of approximately 4 x 104 132Sn ions per second. Reaction protons were
measured in position-sensitive silicon detectors, of the ORRUBA type [26]. The Q-value
of the reaction was calculated on an event-by-event basis from the measured energies
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Figure 3. Q-value spectrum for the 132Sn(d,p)133Sn reaction in inverse kinematics
at θCM = 54
◦. The individual peaks are shown by the coloured dotted lines, whereas
the black solid line is a fit to all four peaks, adapted from [25].
and angles of protons emitted in the reaction. The Q-value spectrum, shown in figure 3,
exhibits four peaks, relating to the population of the ground state (purple, right-most
peak), and three excited states (from the right, blue, red and green peaks). The blue
peak (third from the right) represents the first observation of a candidate for the p1/2
state. The known energies of the other three states were used as an internal calibration to
extract the energy of the previously unknown state, found to have Ex = 1363 ± 31 keV.
The data for the population of the two lowest states in 133Sn, i.e. those relating
to the highest energy protons, covered a broad enough range of angles that angular
distributions could be plotted. Figure 4 shows the angular distributions of protons from
the population of the ground and 854-keV states, and adiabatic wave approximation
(ADWA) calculations assuming an ` = 1 or ` = 3 transfer. These calculations, using
the finite range version of ADWA [27, 28], go beyond standard DWBA by explicitly
including deuteron breakup. The ADWA deuteron adiabatic wave was constructed
from the proton and neutron optical potentials from Chapel Hill (CH89) [10], and the
calculations were performed using fresco [29]. The calculations were scaled to the
data to extract spectroscopic factors for the two states under each assumption. The
ground state angular distribution favours the ` = 3 transfer, whereas the 854-keV state
favours the ` = 1 transfer, indeed assuming a 2f7/2 assignment for this state gives an
unrealistically high value for the spectroscopic factor, well outside of the uncertainties.
Spectroscopic factors were also extracted from angle-integrated cross sections for the
1363- and 2005-keV states, and all agree with one within the stated uncertainties (see
table 1).
The spectroscopic factors for 133Sn were compared to those for 209Pb which has one
neutron more than the benchmark doubly-magic nucleus 208Pb. The 209Pb spectroscopic
factors were extracted in exactly the same way, using data from [30] and the same
scattering and bound-state potentials as in the 133Sn case. The comparison in ref [25]
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Figure 4. Angular distributions of protons emerging from the 132Sn(d,p) reaction in
inverse kinematics populating (a) the ground state and (b) the state at Ex = 854 keV
in 133Sn. The solid (blue) curves show the ADWA calculations using the CH89 optical
potentials (CH89) [10] for the n`j for the state, whereas the dashed (red) curves are
for the nearest alternate f - or p-wave single-neutron state. Adapted from [11].
shows that both nuclei have S consistent with 1 for the low-lying states; however in
the lead case the values reduce for the higher excited states. This is not the case for
133Sn, showing that it is an exceedingly good example of a doubly closed-shell nucleus.
This is important both from the nuclear structure point of view and for calculating the
properties of states in even more exotic nuclei important to the r-process.
Individual neutron capture rates can influence the final r-process abundance pattern
during the freeze-out epoch, when the number of free neutrons has been depleted [31].
The information extracted from transfer reactions can be used to calculate direct neutron
capture (DC), as was done for 82Ge(n,γ)83Ge using the 82Ge(d,p)83Ge measurement in
inverse kinematics [22, 32]. Beun et al. showed that the neutron capture cross section for
130Sn in particular can influence the global abundance pattern [33]. The most important
single-particle states for direct capture on 130Sn are the p1/2 and p3/2 neutron states,
which are populated via s-wave DC followed by the emission of an E1 γ ray. These
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Table 1. Spectroscopic factors of the four single-particle states populated by the
132Sn(d,p)132Sn reaction extracted using the ADWA formalism. Quoted error margins
include experimental uncertainties and 15% for uncertainties related to the optical
potentials used. Adapted from [11].
Ex(keV) n`j ADWA-CH
0 2f7/2 1.00± 0.17
854 3p3/2 0.92± 0.16
1363±31 (3p1/2) 1.1± 0.3
2005 (2f5/2) 1.2± 0.2
` = 1 states were observed for the first time in the 130Sn(d,p)131Sn reaction in inverse
kinematics [23], allowing the direct-semidirect capture to be calculated without requiring
inputs from mass models, and thereby reducing the uncertainties by orders of magnitude.
Within uncertainties, the spectroscopic factors extracted for 133Sn using the ADWA
formalism [11] agreed with those using DWBA, as presented in [25]. An example where
ADWA calculations gave significantly lower spectroscopic factors than those extracted
from DWBA can be seen in the results of the 10Be + d measurements at the HRIBF [13].
The nucleus 11Be is unusual in that it has two bound halo states. Residing relatively close
to stability it has been measured numerous times using different techniques including
transfer reactions [34, 35, 36, 37], nuclear and Coulomb breakup [38, 39, 40], as well
as neutron knockout [41]. However, the extracted spectroscopic factors for the ground
state from these measurements span the region roughly from 0.4 to 0.9. The major
discrepancies come from a nuclear breakup measurement [40] and reanalysis of the (d,p)
data [42]. For the first excited state the situation is worse as only the (d,p) measurements
give any information on this state and both have large error bars.
The goal in the work by Schmitt et al. [13] was to investigate possible sources
of inconsistencies from both the experimental and theoretical points of view. Four
measurements were made using primary 10Be beams with energies ranging from 60 to
107 MeV and having essentially the same setup (a different method for beam counting
was employed for the highest beam energy). Protons were detected in two types of
silicon detectors, SIDAR [43] at the most backward angles and ORRUBA [26] around
90◦, see Figure 5. The beam intensity measurement was made using either a dual
multichannel plate (107 MeV measurement) or a fast ionization chamber, allowing the
differential cross sections to be measured. Deuteron elastic scattering data were taken
simultaneously with the transfer data and were used to inform the choice of optical
potentials in the DWBA analysis.
The angular distribution for transfer to the ground state at a beam energy of
107 MeV is shown in Figure 6. The curves shown are for calculations using the finite
range version of ADWA (similar to that used in the 132Sn + d case above) with optical
potentials from CH89 [10] and A. Koning and J. Delaroche (KD) [44]. The shapes of the
Kate Jones 9
Figure 5. Detector setup used in the 10Be + d measurement at the HRIBF [13].
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Figure 6. Angular distribution of protons emitted from the ground state population
of 11Be in the 10Be + d reaction at 107 MeV [13]. The curves are from calculations
using the finite range version of ADWA with optical potentials from CH89 [10] (solid,
red) and K-D [44] (dashed, blue). Adapted from [13].
calculated curves agree well with the data and there is an approximate 10 % difference in
the spectroscopic factor depending on the potential chosen. Calculations were also made
using a DWBA approach. The sensitivity of the calculations to the deuteron potential
and the proton potential in the DWBA case was investigated by making calculations
varying each in turn.
The results of the spectroscopic factor analysis are shown in figure 7 for the
measurements in [13] and using the data from [35] to extract values in the same way at
a beam energy of 120 MeV §. The boxes are centered on the average of the extracted
values and show the ±1 σ ranges. Two deuteron optical potentials, Satchler (Sa) [45]
and Perey and Perey (P-P) [46] were selected using the deuteron elastic scattering
angular distributions. For the proton optical potentials, the choices were the same as
in the ADWA analysis, CH89 and KD. Inspection of the three panels of figure 7 shows
that the ADWA analysis favours lower values for the spectroscopic factors than those
§ It should be noted that the data from [35] did not agree in shape well with the calculations and
hence there is a larger fitting uncertainty associated with those values. The error bars in figure 7 are
for experimental uncertainties only.
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FIG. 3. Spectroscopic factors from (d,p) including the data
from Zwieglinski et al [8] analyzed with DWBA (upper and
middle panels) and ADWA-FR (lower panel) formalisms.
The upper and middle panels illustrate the effect of choosing
different potentials in the entrance and exit channels, respec-
tively. Spectroscopic factors extracted using the ADWA-FR
formalism show very little dependence on beam energy
or the optical potentials chosen. The error bars are from
experimental uncertainties only. The error box is centered on
the average SF from the five measurements and is propagated
from only the individual experimental uncertainties.
tentials of Fitz [25], Satchler [23], and Perey and Perey
(P-P) [24]. The potentials produce quite different angu-
lar distributions from each other at each energy. More-
over, the ability of each calculation to describe the data
varies considerably for the four measurements. This in-
dicates that another mechanism (breakup) is playing an
important role in the reaction d+10Be which cannot be
swept under a deuteron optical potential. Additionally,
as the Auton data were normalized to one of these calcu-
lations the reliability of spectroscopic factors extracted
from those data must be called into question. To em-
phasize this point the Auton deuteron elastic scattering
data taken at a beam energy of 75 MeV (panel b of Fig.
4) have been scaled to the present data as shown by the
stars, resulting in excellent agreement for the two sets of
data.
In summary, elastic scattering and neutron-transfer
measurements have been made using a primary 10Be
beam and deuterated plastic targets at a range of equiva-
lent deuteron energies, Ed= 12 to 21.4 MeV. No deuteron
optical potential investigated was able to reproduce the
data consistently at these four energies, and there were
large discrepancies in the elastic scattering angular dis-
tributions obtained with different optical potentials. The
poor reliability of deuteron optical potentials for these re-
actions is also seen in the large scatter of spectroscopic
factors extracted from the transfer data at each energy,
and the large dependence on the choice of optical poten-
tial. Including deuteron breakup (ADWA-FR) greatly
reduces both the scatter and the dependence on the op-
tical potential resulting in a reliable extraction of SF.
The extracted spectroscopic factors are 0.70(6) for the
ground state and 0.64(5) for the first excited state, using
an average of the results using the CH89 and K-D proton
optical potentials. The quoted uncertainty is solely from
experimental considerations.
This work was supported by the US Depart-
ment of Energy under contract numbers DE-FG02-
96ER40995 (TTU), DE-AC05-00OR22725 (ORNL), DE-
FG02-96ER40990 (TTU), DE-FG03-93ER40789 (CO
School of Mines), DE-FG02-96ER40983 and DOE-
DE-SC0001174 (UT), DE-AC02-06CH11357 (MSU),
DE-SC0004087 (MSU), the National Science Founda-
tion under contract numbers NSF-PHY0354870, NSF-
PHY0757678 (Rutgers), NSF-PHY-1068571 (MSU), and
NSF-PHY0969456 (Notre Dame), and the UK Science
and Technology Facilities Council under contract num-
ber PP/F000715/1. This research was sponsored in
part by the National Nuclear Security Administration
under the Stewardship Science Academic Alliance pro-
gram through DOE Cooperative Agreement DE-FG52-
08NA28552(Rutgers, ORAU, MSU).
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tentials of Fitz [25], Satchler [23], and Perey and Perey
(P-P) [24]. The potentials produce quite different angu-
lar distributions from each other at each energy. More-
over, the ability of each calculation to describe the data
varies considerably for the four measurements. This in-
dicates that another mechanism (breakup) is playing an
important role in the reaction d+10Be which cannot be
swept under a deuteron optical potential. Additionally,
as the Auton data were normalized to one of these calcu-
lations the reliability of spectroscopic factors extracted
from those data must be called into question. To em-
phasize this point the Auton deuteron elastic scattering
data taken at a beam energy of 75 MeV (panel b of Fig.
4) have been scaled to the present data as shown by the
stars, resulting in excellent agreement for the two sets of
data.
In summary, elastic scattering and neutron-transfer
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reduces both the scatter and the dependence on the op-
tical potential resulting in a reliable extraction of SF.
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experimental considerations.
Th s work was supported by the US Depart-
m nt of Energy under contract numbers DE-FG02-
96ER40995 (TTU), DE-AC05-00OR22725 (ORNL), DE-
FG02-96ER40990 (TTU), DE-FG03-93ER40789 (CO
School of Mines), DE-FG02-96ER40983 and DOE-
DE-SC0001174 (UT), DE-AC02-06CH11357 (MSU),
DE-SC0004087 (MSU), the National Science Founda-
tion under contract numbers NSF-PHY0354870, NSF-
PHY0757678 (Rutgers), NSF-PHY-1068571 (MSU), and
NSF-PHY0969456 (Notre Dame), and the UK Science
and Techn ogy Facilities Council under contract num-
ber PP/F000715/1. This research was sponsored in
part by the National Nuclear Security Administration
under the Stewardship Science Academic Alliance pro-
gram through DOE Cooperative Agreement DE-FG52-
08NA28552(Rutgers, ORAU, MSU).
4
1.0
0.5
0.0
12 MeV
15 MeV
18 MeV
21.4 MeV
25 MeV
S
p
e
c
tr
o
s
c
o
p
ic
 F
a
c
to
r
Average
1.0
0.5
0.0
GS 0.32 MeV
12 MeV
15 MeV
18 MeV
21.4 MeV
25 MeV
S
p
e
c
tr
o
s
c
o
p
ic
 F
a
c
to
r
K-D K-D
Average
CH89
1.5
1.5
CH89
GS 0.32 MeV
K-D K-DCH89 CH89
1.0
0.5
0.0
GS 0.32 MeV
12 MeV
15 MeV
18 MeV
21.4 MeV
25 MeV
S
p
e
c
tr
o
s
c
o
p
ic
 F
a
c
to
r
P-P P-P
Average
Sa
1.5
Sa
!
"
#
$
%
&
'
$
()
*
(+
,
(+
%
-
#
$
'
.
/
('
$
%
&
+
-
0#
,
+
1
(!
"
#
$
%
&
-
!"#$%&'$()*(+,(+%-#$'./('$%&+-0#,+1(!"#$%&-
!
"
#
$
%
&
'
$
( )
*
( +
,
( +
%
-
#
$
'
.
/
( '
$
%
&
+
-
0 #
,
+
1
( !
"
#
$
%
&
-
!"#$%&'$()*(+,(+%-#$'./('$%&+-0#,+1(!"#$%&-
FIG. 3. Spectroscopic factors from (d,p) including the data
from Zwieglinski et al [8] analyzed with DWBA (upper and
middle panels) and ADWA-FR (lower panel) formalisms.
The upper and middle panels illustrate the effect of choosing
different potentials in the entrance and exit channels, respec-
tively. Spectroscopic factors extracted using the ADWA-FR
formalism show very little dependence on beam energy
or the optical potentials chosen. The error bars are from
experimental uncertainties only. The error box is centered on
the average SF from the five measurements and is propagated
from only the individual experimental uncertainties.
tentials of Fitz [25], Satchler [23], and Perey and Perey
(P-P) [24]. The potentials produce quite different angu-
lar distributions from each other at each energy. More-
over, the ability of each calculation to describe the data
varies considerably for the four measurements. This in-
dicates that another mechanism (breakup) is playing an
important role in the reaction d+10Be which cannot be
swept under a deuteron optical potential. Additionally,
as the Auton data were normalized to one of these calcu-
lations the reliability of spectroscopic factors extracted
from those data must be called into question. To em-
phasize this point the Auton deuteron elastic scattering
data taken at a beam energy of 75 MeV (panel b of Fig.
4) have been scaled to the present data as shown by the
stars, resulti g in excellent agreement for the two sets of
data.
In summary, elastic scattering and neutron-transfer
meas rements have been made using a primary 10Be
beam and deutera ed plastic targets at a range of equiva-
lent deuteron energies, Ed= 12 to 21.4 MeV. No deuteron
optical po ential investigated was able to reproduce the
data consi t n ly at these four energies, and there were
large discrepancies in the elastic scattering angular dis-
tributions obt in d with different optical potentials. The
poor reli bility deuteron optical potentials for these re-
actions i also seen in the large scatter of spectroscopic
factors extracted from the transfer data at each energy,
and the large dependence on the choice of optical poten-
tial. Including deuteron breakup (ADWA-FR) greatly
reduces both the scatter and the dependence on the op-
tical potential resulting in a reliable extraction of SF.
The extracted spectroscopic factors are 0.70(6) for the
ground state and 0.64(5) for the first excited state, using
an average of the results using the CH89 and K-D proton
optical potentials. The quoted uncertainty is solely from
experimental considerations.
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(c) 
Figure 7. Spectroscopic factors extracted from data taken at the HRIBF [13] and
earlier data of Zwieglinski el al [35] for both of the bound states, using the a) and b)
DWBA and c) the ADWA formalism. For DWBA calculations there are tw sets of
optical potentials used, and two different choices were us d for the deuteron (in panel
a) and for the proton (in panel b). The box s ce tered on the average and cov rs ±
1 σ (see text). Adapte from [13].
obtained using DWBA. Also, there is less overlap between the error boxes in the DWBA
cases, especially for the excited st te, than thos fr m ADWA. This means that there is
greater sensitivity to the optical potentials in the DWBA a alysis of this reaction at this
range of energies. Th scat er in the data points fo the first excited state is also reduced
by using ADWA, s the extraction of the spectroscopic factor appears to be less sensitive
to he beam energy than i the DWBA case. However, there is a spuriously low poi t
for the Ed = 18 MeV (Ebeam = 90 M V) me surement in every case. It is not possible
to say whether this is simply owing to poorer normalization of this measurement, or if
there is some physical effect occurring at this energy which is not taken into account in
the calculations.
By consistently measuring the 10Be + d reaction at four different energies and also
analyzing the data in the same way for all cases, it was possible to show that including
deuteron break-up in the reaction theory and using nucleonic potentials via the ADWA
method produced a more reliable extraction of the spectroscopic factors than by using
DWBA. This is different to what was observed in the 132Sn + d case discussed above.
Whether this is an effect of the continuum structure n 11Be owing to the lower binding
energies in this case, it is not possible to say. The 11Be spectroscopic factors extracted
from the average of the four HRIBF measurements are 0.71(5) for the ground state
and 0.62(4) for the first excited state, where the quoted uncertainties are solely from
experimental considerations.
Importantly, elastic, inelastic and transfer channels were measured simultaneously,
and at the same four energies, in a consistent manner. The elastic channel was used to
constrain the choice of optical potential in the transfer analysis. A more complete study
of the 10Be + d reaction at the same energies as in the HRIBF measurement and using a
continuum discretized coupled channels (CDCC) formalism is close to completion [47].
A different method for measuring charged particles emitted from transfer reactions
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was recently introduced at the ATLAS facility of Argonne National Laboratory.
HELIOS [48] uses a large-bore superconducting solenoid magnet. An array of silicon
detectors is placed around the magnetic axis of the solenoid, which is collinear with the
beam axis. The cyclotron period (Tcyc), the time taken for a charged particle to return
to the magnetic axis, is dependent on the mass to charge ratio, and independent of
energy. By measuring the position z where the particle returned to the axis, Tcyc, and
the particle energy in the laboratory frame (Elab), it is possible to calculate the energy
in the centre-of-mass frame using the relationship:
Elab = Ecm − 1
2
mv2cm +
(
mVcm
Tcyc
)
z (4)
A number of experiments have been performed using light RIBs produced via the
inflight method, such as [20, 49, 50] with beams of 12B, 15C and 19O of energies around 6
to 8 MeV/nucleon yielding resolutions ranging from 100 to 175 keV FWHM. In addition,
a measurement with a stable 136Xe beam at 10 MeV/nucleon and targets ranging in
thickness between 125 and 175 µg/cm2 resulted in a Q-value resolution of 90 to 130 keV
[51].
Whether measuring emergent protons from stripping reactions in a large silicon
detector, or smaller detectors in a solenoid, the resolution in Q-value will ultimately
be limited by the beam quality (an important issues with RIBs) and the energy loss in
the target (which becomes less important at higher beam energies). In order to achieve
significantly better energy resolution, meaning ∆Ex of a few keV, it is necessary to
measure γ rays in coincidence.
3. Particle-gamma coincidences
Recently a number of experiments have been built that detect both charged particles
and gamma rays emerging from transfer (and other) reactions. These include TIARA-
Exogam [52, 53] at GANIL, TREX-MINIBALL [54, 55] at REX-ISOLDE and SHARC-
TIGRESS [56, 57] at ISAC II.
Typically, the resolution in the excitation energy (or Q-value) is compromised owing
to the need to place silicon detectors close to the target, directly impacting the angular
resolution. Additionally, owing to the lower efficiencies associated with gamma ray
detection over charged-particle detection thicker targets are required, especially when
the beams are weak. This further compromises the charged particle resolution. However,
this loss in charged-particle resolution is more than compensated for by the measurement
of γ rays in coincidence. Not only do the γ rays provide an improvement in resolution
of around an order of magnitude or more over measuring charged particles alone, they
also give extra information that is otherwise inaccessible, such as observing cascades of
γ rays through states that were not populated in the reaction.
A recent set of experiments was performed with a 30.7 MeV 11Be beam, produced at
REX-ISOLDE, incident on deuterons in a CD2 target with particles detected in TREX
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Figure 8. Energy of γ ray versus excitation energy E∗ of states populated in 10Be
via the 11Be(d,t) reaction in inverse kinematics. The projections onto the Eγ and E
∗
axes are shown. A schematic of the 10Be level scheme and observed γ rays is shown
on the right. Taken from [58].
[54] and γ rays measured in MINIBALL [58]. The one-neutron pickup, elastic and one-
neutron stripping channels were identified via the emitted proton, deuteron or triton to
study states in 10Be, 11Be and 12Be respectively.
In figure 8 the γ ray energy, Eγ, is plotted as a function of excitation energy,
E∗, extracted from the energy and angle of the triton emerging from the 11Be(d,t)10Be
reaction in inverse kinematics. Points located along the diagonal, where Eγ = E
∗,
represent events where there was direct deexcitation of the populated state via a γ ray
to the ground state. For example, there is a group of events at around Eγ =3.4 MeV that
are correlated with the population of the 2+ state at 3.368 MeV. Similarly at around
6 MeV in both Eγ and E
∗ a more diffuse set of events is present representing the direct
transition from the group of states around 6 MeV to the ground state. Additionally,
some of the deexcitation of those states goes through the 2+ state. In this way, the
charged-particle measurement gives information on the state populated in the reaction,
whereas the γ rays give the precise energy of the state, and information on the decay
out of the state.
Another way of combining the charged-particle and γ ray information is shown
in figure 9 for the (d,p) channel going to 12Be. The black histogram shows the total
excitation energy, whereas the data shown in colour represent the excitation energy
profile gated on individual γ rays, shown in the level scheme. Demanding a γ ray in
coincidence eliminates both the data from population of the ground state and the vast
majority of the background. The highest energy peak is mostly from the 1− state;
however, the three excited states populated are not well resolved. Without the γ ray
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Figure 9. Excitation energy, E∗, of states populated in 12Be via the 11Be + d
reaction (black) with those components that come in coincidence with different energy
γ rays shown as individual curves. The curve peaking at E∗ ≈ 2.1 MeV (green) is
gated on the 2+ → 0+ decay, and the curve peaking at E∗ ≈ 2.7 MeV (blue) is gated
on the 1− → 0+ decay, as shown on the level scheme on the right. The smaller (red)
line is in coincidence with the 0+ → 0+ decay, which is an E0 transition observed by
two-photon decay. Taken from [58].
measured in coincidence, it would not be possible to see the contribution from the second
excited state.
Complex transfer experiments with RIBs at GANIL have been performed with
combinations of the charged-particle detection arrays TIARA and MUST 2 [59], the
γ ray array EXOGAM and the spectrometer VAMOS, such as [60]. The detection of
the heavy recoiling nucleus in VAMOS can be used to tag the reaction channel, greatly
reducing the background from reactions on beam contaminants and non-time-correlated
events, and in some cases, the angle of the recoil can be used to improve the Doppler
correction of the γ ray measurement.
The ideal situation for measuring transfer reaction with γ rays is where the silicon
detectors measuring the charged particles are at a great enough distance from the target
that angular resolution is not the limiting factor. This requires that the gamma detection
array is large enough to cover the total solid angle at a large (> 10 cm) radius. Such a
system is being planned for using ORRUBA [26] with GAMMASPHERE [61] at ATLAS.
4. Heavy-ion induced reactions
Until this point we have considered transfer reactions induced by light nuclei, meaning
protons or deuterons, on rare ion beams. However, there are advantages in some cases
in using heavier nuclei, such as 9Be or 13C, to induce the reaction. Although there are
examples where the charged ions alone were measured (e.g. [62]), the focus here is on a
different technique where the charged particles are used to identify the reaction channel
and then the γ rays coming in coincidence are analyzed.
The (9Be,8Be) reaction favours low angular momentum transfer owing to the weak
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Figure 10. Particle identification in a ring 1 detector of HyBall at θlab = 10.5
◦
following the 130Sn+9Be reaction at the HRIBF. The 2α group is the cleanest indication
of a one-neutron transfer reaction. The 130Sn and 9Be groups are from the elastic
scattering of the beam and the target nuclei respectively. Taken from [74].
binding of 9Be (Sn = 1.66 MeV) which is even smaller than that for the deuteron
(Sn = 2.2 MeV) [63]. However, the weak binding also means that the
9Be is likely to
break up in the reaction, making it difficult to analyze under a simple DWBA formalism.
Additionally, 9Be itself is strongly deformed, and has a strong cluster nature (α+α+n
or 5He+ α) which complicates the reaction theory analysis [64]. The advantage of the
9Be reaction is that the recoiling 8Be is unbound and breaks up into two α particles,
giving a unique signature that provides a clean gate for looking at γ rays in the recoiling
nucleus (see [65, 66]), as shown in Figure 10.
The more commonly-used heavy-ion induced reaction is (13C,12C) [67]. In this case,
the stronger binding of the last neutron in 13C (Sn = 4.95 MeV) leads to smaller Q-
values than in (9Be,8Be), favouring transfer to higher-spin states [63, 67]. As spin-flip
transitions are favoured, non-spin-flip transitions are hindered [68, 69, 70], and the last
neutron in 13C is in the p1/2 orbital, states with j = `+1/2 are preferentially populated.
In the (9Be,8Be) case it is the j = `−1/2 states that are preferred as the last neutron in
9Be is in the p3/2 state; however this tendency is tempered somewhat owing to the weak
binding of 9Be. The (13C,12C) reaction has been used to extract radii from known or
assumed spectroscopic factors (e.g. [71]), Asymptotic Normalization Coefficients (ANC)
or relative spectroscopic factors (e.g. [72]), or to populate states to be used in general
γ ray spectroscopy (e.g. [73]).
An experiment was performed at the HRIBF with a 134Te beam to study states
across the N = 82 shell gap via the (9Be,8Be) and (13C,12C) reactions in inverse
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kinematics [66, 75]. The charged particles were detected in the forward four rings of
HyBall [76], comprising 40 crystals of cesium iodide with θlab = 7
◦−60◦ . The CLARION
array of 11 high purity germanium detectors [77] was used to detect coincident γ rays.
With a beam intensity of approximately 3 × 105pps of 134Te it was possible to obtain
clear coincidences in particle-γ-γ spectra allowing the identification of the previously
unobserved i13/2 state in
134Te at around 2.11 MeV. This assignment was supported by
angular correlations between the carbon recoil from the 134Te+12C reaction.
Experiments were run during Spring 2012 at the HRIBF to study states in odd-
mass neutron-rich tin isotopes using beams of 124−132Sn, following on from the 134Te
work. Preliminary analysis has revealed candidate γ rays for the depopulation of
the four single-particle states in 131Sn [74] that were revealed in the (d,p) study [23],
high resolution measurements of states in 126,128Sn also populated in (d,p) [78], and a
candidate for the i13/2 state in
133Sn [79].
5. Summary
Transfer reactions have seen a revival since the mid-1990’s when methods for using
them in inverse kinematics with rare ion beams were developed. One-neutron stripping
reactions represent a powerful method for extracting spectroscopic information relating
to single-particle states. There has been intense work at a number of RIB facilities
around the world to use these techniques to study nuclei both with and without
coincidences with γ rays. The most commonly used stripping reaction is (d,p), which
is also the most well understood reaction from the theoretical point of view, owing to
the simplicity of the light particles involved. However, in some cases it is important
to include the breakup channel for the weakly bound deuteron in the analysis of (d,p)
data.
Heavy-ion induced reactions are also undergoing a resurgence. As reactions with
more strongly bound nuclei, such as 13C, have different selectivity to those with weakly
bound nuclei, such as 9Be and the deuteron, the combined information from these studies
can reveal the j state of the transferred nucleon, without the need for polarized beams
or targets.
As new facilities become available around the world, new detection setups for
transfer reaction studies are being developed, allowing ever more sensitive studies to
be performed.
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